The location of void spaces and water pathways in the subsurface can give insight into the structure of a specific karst environment, including the relationship between these and the epikarst. Electrical resistivity is particularly useful in locating these features because void spaces are more resistive and groundwater is more conductive than surrounding bedrock of low permeability (Palacky, 1987) . 
Introduction
Grand Caverns Natural National Landmark lies in the southeastern Shenandoah Valley of Virginia and is home to the oldest show cave in the United States. The park and adjacent private lands include a complex of at least five known caves: Grand Caverns, Madison Cave, Steger's Fissure, Jefferson Cave, and Fountain Cave, all within the northern section of Cave Hill karst. The cave complex lies below a series of sinkholes that run in two approximately north to south parallel lines.
Figure 1. Locations of two surface features of interest on Cave Hill showing the combined hillshade + Topographic Positon Index (TPI) image, and known cave passage overlay. (Maps courtesy of D.H. Doctor, USGS.)
resulting ER images were interpreted within the context of geologic cross-sections, a high resolution airbornederived LiDAR digital elevation model (DEM), and known surface features and known cave passage locations at depth.
Geological Setting
The Shenandoah Valley is part of the Valley and Ridge province of Virginia, and is nestled between the Blue Ridge fault to the east and the Little North Mountain fault to the west. These faults are part of a western verging foreland fold and thrust belt formed during the Alleghenian Orogeny when Gondwana collided with Laurentia (Faill, 1998; Rader and Gathright, 2001 ). The valley is underlain by both siliciclastic and carbonate bedrock primarily deposited in marine environments during the Paleozoic (Rader and Gathright, 2001 ).
Within the valley bedrock are Cambrian and Ordovician carbonate units deposited as divergent continental margin (DCM) sediments between the rifting of the Rodinia supercontinent and Taconic Orogeny (Rader and Gathright, 2001 ). These DCM units consist of the Shady, Rome, Elbrook, Conococheague, Stonehenge, Beekmantown, New Market, and Lower Lincolnshire formations (Rader and Gathright, 2001 ).
Cave Hill is situated within the Cambrian age Conococheague Formation, which generally consists of laminated light-to dark-grey dolomitic limestone, thinly-bedded flat pebble conglomerate layers, coarsegrained calcareous quartz arenite, algal-laminated dolostone and limestone that frequently contains mudcracks, ribbon rock, and chert (Gathright et al., 1978) . These sedimentary structures suggest deposition of the Conococheague was primarily influenced by cyclic eustatic sea-level changes within an environment that was dry and arid at times (Weber et al., 1995; Read and Repetski, 2012) .
The South River flows alongside the eastern flank of Cave Hill. Much of the cavern passages within Cave Hill are located above river level; however, parts of Madison Cave and Steger's Fissure extend downward as deep as 30 meters below river level (Kastning, 1995) . Doctor et al. (2014) suggest that both Grand Caverns and Madison Cave were phreatically formed due to the presence of subaqueous calcite coatings as well as local clay and silt sized sediments with an absence of foreign sand, (SW01-04) and three roughly parallel, one through the center (SW05) and one on each side (SW06 and SW07). For the sinkhole at location 2 (Figure 2b ), we collected one 56 electrode (344 m) ER line roughly parallel to a line defined by the westernmost series of sinkholes (GCDD09), and a 28 electrode (169 m) ER line perpendicular to the first and centered on the sinkhole (GCDD10). Centered on the selected sinkhole, the 56 electrode line also ran across a larger sinkhole to the north and adjacent to another sinkhole to the south. The 
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surficial water would flow on Cave Hill (i.e., artificial streams), using the hydrology tools for flow direction and flow accumulation from the Spatial Analyst toolbox. This result was combined with an elevation image of hillshade overlain by the topographic position index (TPI) and the cross-sections to correlate the inverted ER profiles with the surface features.
Results

Structural Geology and Geospatial Investigation
Bedrock near location 1 primarily consists of algal laminated dolostone and micrite. We determined the structure of the southern portion of Cave Hill consists of three higher-order folds within an overall anticline (Figure 3a) , and we observed parasitic folding in algal laminated dolostone on the southeastern flank. The swale feature cuts through a syncline at the study location. Further South (~80 m), the swale feature deviates gravel, and cobble sediments. The evolutionary biology of the phreatobytic crustacean Antrolana lira, commonly known as the Madison Cave isopod, found in Madison Cave and unique to the Shenandoah Valley, suggests the initiation of the formation of Cave Hill karst occurred a minimum of 20 million years ago (Hutchins et al., 2010; Doctor et al., 2014) .
Data & Methods
Electrical Resistivity
All ER measurements were collected with the AGI SuperSting R-1 geoelectrical imager. For most lines, xyz-coordinates were collected at each electrode using a Leica Zeno 20 GPS unit. The Zeno 20 can obtain horizontal accuracy to 1cm and vertical accuracy to three times the achieved horizontal accuracy. For most locations, we were able to collect good data; occasionally complicated by heavy cloud cover or overhead foliage. The suspect electrode locations and all elevation values were interpolated by using a 1 meter high resolution airborne LiDAR-derived digital elevation model (DEM) obtained from the USGS National Map website (https:// viewer.nationalmap.gov/basic/).
Measured ER data were processed using AGI's EarthImager® 2D Resistivity and IP Inversion Software. We achieved the best results for each line using merged Schlumberger and Dipole-Dipole data sets for the inversions.
Structural Geology and Geospatial Investigation
We obtained strike and dip measurements from 17 outcrops on Cave Hill, and recorded observations of rock type and other notable characteristics such as sedimentary structure, fold patterns, and proximity to cave entrances. Trend and plunge of two fold axes were approximated using stereonets generated by Stereonet 9.9 (Allmendinger, Cardozo, and Fisher, 2013; Cardozo and Allmendinger, 2013) .
We exported two elevation profiles across Cave Hill and perpendicular to the two fold axes from the Global Multi-Resolution Topography (GMRT) Grid Version 3.3 (Ryan et al., 2009) in GeoMapApp (Marine Geoscience Data System, 2013), which were used with the structural data to draw two cross-sections (Figure 3 ).
We imported the 1 m DEM into ArcGIS® to create a polyline shapefile representing the paths in which (Ryan et al., 2009) 
in GeoMapApp (Marine Geoscience Data System 2013).
15TH SINKHOLE CONFERENCE Electrical Resistivity Near the Sinkhole
We were able to resolve the resistivity structure to approximately 82 meters for GCDD09M and 40 meters for GCDD10M. The sections all consisted of moderate background resistivity values (1,000-6,250 Ωm) ( Figure 6, [b] ). The upper-subsurface (<10 m depth) contains a band (~5 m thick) of horizontally to subhorizontally oriented semi-conductive (250-1,000 Ωm) to conductive oblong features (<250 Ωm) (Figure 6, [c] ). The angle of orientation of the conductive bands become steeper (~15º-60º) and thickness generally increases from topographic high areas towards sinkhole features at which they plunge to deeper depths (~25 m depth) ( Bedrock near location 2 consists of algal laminated micrite, algal laminated dolostone, and calcareous arenite. The rock units here are incorporated into an anticline-syncline pair (Figure 3b) . A thick bed of micrite located between calcareous arenite to the west and algal laminated dolostone to the east lies under the ER deployment area. Survey GCDD09 crossed diagonally (~20º) over the arenite bed.
The artificial streams generated from the DEM indicate that surface water flows into the swale feature (location 1) primarily from the northwest (Figure 4) . This is consistent with the stereonets we generated from the geologic data, showing that the fold axis on the southeastern flank of Cave Hill, near location 1, trends ~206º SSW and plunges ~15º, while the fold axis on the western flank, near location 2, trends ~214º SSW and plunges ~20º. The swale deviates the surface water along strike to the SSW where it is able to flow freely into a local stream. Surface water at location 2 flows to the northwest; however, a calcareous arenite ridge, identified both in the field and with the aid of a hillshade + TPI map, appears to block most surface water from flowing directly into local streams. Instead, surface water is forced into the subsurface through sinkholes located along the eastern side of the ridge. There is also a second parallel ridge located to the East (~50 m) that appears to be acting in a similar manner.
Electrical Resistivity Near the Swale
The 14 electrode lines we deployed at this site resolved the resistivity structure to a depth of slightly less than 20 meters. The background resistivity for all sections ranged from semi-conductive (333-1,000 Ωm) ( Figure 5 (2011) showed, with borehole conformation, that ER was successful in finding water saturated areas, but could not distinguish between water filled conduits and saturated ground with ER alone, which will not be attempted by this study.
Knowing that limestone resistivity can be as high as 100,000 Ωm, we can deduce that values greater than this are likely open air voids. Open air void spaces and caves are generally considered to have higher resistivity than the surrounding bedrock due to the near-infinite resistivity of air (Gibson et al., 2004; Mitrofan et al., 2007; Chalikakis et al., 2011; Ismail and Anderson, 2012; Martínez-Moreno, 2014) . Models compared to ER sections with known caves by Martínez-Moreno (2014) suggested that caves should be irregular to ovoid shaped and increase in resistivity from the edges to the center.
Location 1, Karstic Swale
We interpret the near surface conductive features in these sections to represent regolith or weathered bedrock (with increased clay mineral content), through which water would be able to infiltrate. This is evident from the correspondence of conductive anomalies between SW06M and SW05M with SW01M, SW02M, and SW04M ( Figure 5) , and is similar to the results produced by Roningen and Burbey (2012) and Carriere (2013) . (Figure 6a, [v] ). There is an area on the southwestern side of GCDD09M that contains an extremely-resistive ovoid feature (>100,000 Ωm) oriented between two conductive bands (Figure 6a, [d"] ).
Discussion
Soil survey data suggests the soil profile consists of eroded loam to silty loam and is approximately 1.83 meters thick through the B horizon (USDA, 2016) . Since the soil profile is thin, its presence can generally be excluded from the ER sections; although it is a component in regolith, which is made up of soil and weathered bedrock. Loam has resistivity values between 20 and 160 Ωm (Angenheister 1982) , and limestone and dolomite are generally 1,000 Ωm (Palacky, 1987; Stepišnik, 2008; Ishmail and Anderson, 2012) , but can range as high as 100,000 Ωm (Palacky, 1987) . Stepišnik (2008) reported limestone rubble and soil containing weathered bedrock to range between 200 and 1,000 Ωm. Ishmail (2012) stated the transition zone between soil and bedrock can range between 105 and 900 Ωm.
The resistivity value of all subsurface material is dependent on how water saturated the material is (Palacky, 1987) , and decreases almost uniformly with increasing water saturation (Suau and Spurlin, 1982) . Therefore, we interpret highly-saturated, saturated, and little-to non-saturated regolith to be <1,000 Ωm. Zhu 
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NCKRI SYMPOSIUM 7 least in the case of [v] ; the features in [d'] are likely smaller, shallower, and previously undetected void/ partially void spaces. These anomalies have higher resistivity than the surrounding bedrock, but they are not as high as what is expected for an open air cave. This is likely due to the lines being on the edge and/or slightly offset from the known cave passages. An additional small highly resistive feature (Figure 6a, [d"] ) is likely a void space, either being more genuinely resistive than the [v] features, or more directly sampled. The bedrock seems to exist at a range of resistivity ( Figure 6, [b] ), from approximately 1,000 Ωm to 6,250 Ωm. The more conductive regions may directly correspond to the more saturated areas, and while to some extent this could be an artifact of the smoothing process inherent in the inversion, it could also identify groundwater pathways through the carbonate bedrock from the aquifers to the caves and/or water table below (Figure 6, [p] ).
Conclusions
This study provides significant insight to the factors governing surface and groundwater transport, sinkhole formation, and cave formation at Cave Hill. We found these features to be largely determined by rock type and bedding orientation, which differs from location to location, leading to the formation of different surface features and different water pathways and void geometries in the subsurface.
At the swale, we were able to show a clear image of the surface water and shallow subsurface groundwater flow, with water in the saturated regolith appearing to flow along bedding planes in the approximate direction of an antiform plunge. Our data did not sample to depths required to image the full karst system at this location, and therefore we are not able to confirm the presence of any void spaces, despite the higher resistivities towards the bottom of the sections that might suggest their existence. We were also not able to show the water pathways all of the way from the surface to the water table.
At the sinkhole, ridges, formed from rock less prone to dissolution, block the surface runoff of rain and meltwater, and force groundwater infiltration on the western flank of the ridges along the steeply dipped bedding planes. Over time, dissolution increases the porosity the carbonate bedrock, ultimately causing the formation of voids and sinkholes. This process, along with a fluctuating water table, helped to carve out the large cavern complex we see today.
along with the near absence of bedrock seems to indicate that water infiltrates downward through unconsolidated material until it reaches and flows along bedrock. Resistive to highly-resistive anomalies (Figure 5, [d] d) are possibly permeable bedrock beneath the areas of weathered bedrock near the surface. It is possible that the more resistive of these features are sampling open air void spaces or caves either too deep to resolve or slightly off line, but this cannot be shown conclusively.
Location 2, Caverns
We interpret the conductive regions near the surface (Figure 6, [c] ) to be semi-saturated to saturated soil and regolith, with the bottom of the conductive regions marking the transition into bedrock. In some places (Figure 6, [c'] ), the conductive regions penetrate the bedrock to depths of as much as ten meters, forming a network of preferred groundwater pathways or perched aquifers (the 2d nature of the survey make it impossible to distinguish between these two possibilities). Three of these features are situated under sinkholes that have formed along the eastern side of a calcareous arenite ridge (Figure 2b , with a second row of sinkholes to the east of that ridge; it seems likely that similar aquifers exist here as well, especially given the presence of caverns below (Figure 2b ), but our lines did not extend this far southeast. The calcareous arenite ridge that is included in our survey appears to interrupt the flow of surface and shallow groundwater flow to the west/northwest, causing the water to infiltrate into the ground at its eastern boundary as shown by the aquifer (Figure 6b, [c'] ), the largest and deepest saturated area between the two ridges. Furthermore, the specific placement of the sinkholes along the ridge seems to be associated with the portions of the ridge that are more strongly detectable at the surface; the DEM artificial stream models show that sinkholes have not formed where the surface water is able to penetrate the ridge.
The infiltrating water images in Figure 6b reaches depths at the limits of resolution (nearly 50 m), and likely continues past the capillary fringe and into the water table approximately 70 m below the surface (Figure 6a, [c"] , equivalent to the depth of the river that runs at the base of the hill. Between the aquifers and the water table, we note several resistive features (Figure 6a, [d', v] ) that partially capture portions of the known cavern complex below (at
